Abstract. Nuclei below the Z = 50 magic shell gap with A∼100 show a wide variety of structural phenomena. These include excellent examples of vibrational collectivity at low-spins, which give way to more rotational-like excitations with increasing angular momentum. In this paper we present recent results from an experiment performed at Yale to study the yrast evolution of states in 98,99 Mo and 101,102 Ru. Although the high-spin data is consistent with predictions from rotational model theories, we propose a simple presciption to distinguish between vibrational and rotational regimes of angular momentum generation. When applied to the nuclei of interest, a clear picture emerges of how these two mechanisms of collective spin generation compete in this region.
INTRODUCTION
Near stable nuclei between the zirconium (Z=40) sub-shell closure and the tin (Z=50) magic number are home to a host of collective nuclear structure phenomena. Specifically, the low-spin states of these systems are often quoted as being amongst the best cases in the entire Segré chart of vibrational nuclei [1, 2, 3] , with 'textbook' examples of vibrational multiplets being reported in Ru [4] , Pd [5] , and Cd [1, 2, 3, 6] isotopes. However, as the angular momentum in these nuclei increases their structure is usually observed to evolve into weakly-deformed, rotational sequences, with the effects of the neutron h 11/2 intruder orbitals being prevalent in 'stiffening' the nuclear potential with respect to the triaxial degree of freedom. This is crucial in forming the static deformation required to allow quantum mechanical rotation to occur. Discontinuities in the yrast bands of nuclei in this region have generally been described in terms of Coriolis driven rotational alignments [7] arising from these h 11/2 neutron orbitals (e.g., refs [8, 9, 10, 11, 12, 13, 14, 15] .)
At even higher spins (25 → 40h), highly deformed bands have been reported in the Palladium isotopes [16] , while theoretical predictions of superdeformed bands [17] , possibly with configurations including hyperintruder orbitals have recently been experimentally supported [18] . Indeed, the reported superdeformed structure in 108 Cd [18] has B(E2) values consistent with one of the largest quadrupole deformations in the entire nuclear chart.
In this paper we will present results from a recent experiment focussed on the understanding of evolution of nuclear structure in the A∼100 region. In particular our investigation is focussed on the nature of what have previously been reported as rotationally-aligned 'backbends'. In our alternative interpretation these yrast sequence discontinuities can be explained as a crossing between vibrational and rotational regimes of spin generation.
EXPERIMENTAL DETAILS AND RESULTS.
The data presented in the current paper all came from a single experiment, using the fusion evaporation reaction 96 Zr+ 9 Be, with a DC beryllium beam provided by the WNSL Tandem Accelerator at Yale University impinging on an isotopically enriched (∼ 85%) metallic zirconium foil of thickness 670 µg/cm 2 mounted on a 5 mg/cm 2 lead backing. The target was placed with the lead backing facing the beam thus allowing the residual nuclei of interest to recoil into vacuum. A lead collimator, with a 2 cm diameter exit hole, was placed approximately 4 cm behind the target position in order to protect the target chamber from unwanted reactions induced by beam particles scattered by the target. The beam nuclei with initial energy of 46 MeV were calculated to lose ∼2 MeV in the lead support layer, leading to an 'ontarget' laboratory energy of approximately 44 MeV. This corresponded to a classical maximum angular momentum transferred to the compound system of ∼22h. FIGURE 1. Sums of double-gated triples spectra from the current work taken using YRASTBALL.
The reaction γ rays were detected using the YRASTBALL array [19] , which in this configuration comprised six, four-element clover detectors at 90 • to the beam direction, together with five smaller (25%) co-axial germanium detectors at 126 • , three at 160 • and five more at 50 • . The acquisition master gate was set such that events where three or more γ rays which were detected within 200 ns of each other were written to tape for subsequent off-line analysis. Typical on-target beam currents were between two and four particle nanoamps for the duration of the two day experiment. This resulted in master event (≥ γ 3 ) rates of between 500 and 1000 Hz, leading to a total of 425×10 6 , unfolded γ-γ coincidence events for off-line analysis.
In the off-line sort a Doppler correction was applied to the γ-ray energies using an average recoil velocity of v c ≈ 0.6%, as measured by comparing the gain-matched spectra for the individual detector rings. The v c = 0 gain matching was checked using (unshifted) lines from 214 Rn, which was formed via beam reactions on the lead targetsupport. The data were sorted into standard RADWARE γ − γ coincidence matrices and cubes which were analysed using the SLICE, GF2, LEVIT8R and ESCL8R software packages [20] .
The dominant reaction channels from the 96 Zr target were via the xn to populate states in 100−102 Ru (approx. 90%). Significant population was also observed into the pxn reaction channels to Tc isotopes and the α3n and α2n to 98, 99 Mo. Note that the population of the latter isostopes was most likely due to a combination of fusion-evaporation and massive transfer residues, such as described in reference [21] . Figure 1 shows Mo deduced in the current work. Where statistics allowed, the spin assignments were made on the basis of DCO ratios and comparison with the published decay schemes for these nuclei [8, 12, 22, 24] .
The traditional framework used to intepret such data has been to use the cranked shell model (CSM) [25] to investigate the evolution of derived properties such as the aligned angular momentum, i x , as a function of rotational frequency (ω). Reference [23] gives a full description of this proceedure for 101,102 Ru and describes how the moment of inertia and aligned angular momentum plots shown in figure 4 are consistent with CSM calculations, which predict a rotation-driven alignment of low-Ω, h 11/2 neutrons for these nuclei. The Pauli-blocking effect expected in structures built on the h 11/2 orbital is also clearly demonstrated for the negative parity bands in the N=57 isotones from Mo (Z=42) through to Cd (Z=48) (see figure 4) .
While it is pleasing that the data appear to agree so well with the CSM predictions, an alternative mechanism is proposed below, which may also explain these discontinuities. This method negates the need to envoke rotationalmodel based precepts such as rotational frequency and moment of inertia in nuclei which are usually interpreted as being vibrational, rather than rotational in the low-spin regime. 
E-GOS PLOTS.
We have recently [26] devised a simple prescription to distinguish between vibrational and rotational modes of excitation as a function of spin. This comes from plotting the transition gamma-ray energy of yrast states which Lower: E-GOS curve for the same data, highlighting the change from a vibrational system to a rotational regime around spin 12h. The loci for pure vibrators and rotors assuming the experimental 2 + energy of 476 keV are also shown, as is the locus for a pure rotor using a moment of inertia derived from the experimental 14 + → 12 + transition. differ in spin by 2h, divided by spin (i.e., R = E γ I ), as a function of spin, I. These so-called E-GOS ('E-Gamma Over Spin') curves provide a quick and highly visual mechanism for determining the spin range over which rotational and vibrational interpretations are appropriate.
The gamma-ray decay energy for a perfect harmonic vibrator is given by [27] E γ (I → I − 2) =hω, while for a pure
, where J is the static moment of inertia. The locus of the ratio, R =
, as a function of spin then provides an effective way of distinguishing rotational and vibrational modes.
vibrator :
R =h
In the rotational case, R increases from 3(h 2 2J ) for I = 2 to a constant value of 4(h 2 2J ) for large I, whereas for a vibrator, R decreases hyperbolically towards zero. (We note that in the rotational model, R is equivalent to 2 divided by the kinematic moment of inertia, although we also point out that such a conceptual framework may be misleading for nuclei with near-zero static deformation). Figure 5 shows a comparison of the E-GOS curve and the traditional backbending plot for the yrast band in 102 Ru. Note the flattening of the locus in the lower figure above spin 12h, consistent with a rotational nucleus. Figure 6 shows the E-GOS curves for the yrast bands in 100 Ru and 102 Ru and the new structures in 101 Ru. For the odd-A case, a simple, extreme weak-coupling approximation was used, where the E-GOS ratio, R was assumed to be R =
E(I→I−2) I− j
where I is the level spin and j is the angular momentum of the bandhead. Figure 7 shows the E-GOS curves for yrast bands in the even-even nuclei in the Sr to Cd region. These data highlight the evolution between flat curves for rotors and hyperbolic loci associated with vibrational structures. The curves for neutron numbers 56 and 58 are particularly interesting, in that they lie on top of each other and all appear to show a change from a vibrator to a constant value associated with a static rotation around spin 10-12h. This can be explained by the crossing of the vibrational ground state structure by an aligned, (h 11/2 ) 2 10 + structure. We note that a similar effect is also observed in the E-GOS plots for the Ba and Ce homologs [29] , where the proton h 11/2 orbitals appear to play a similar, core-polarising role.
